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Introduction 43
The meninges, made up of the dura, arachnoid and pial layers, encases the CNS from its earliest 44 stages of development and persists as a protective covering for the adult brain. The Despite well-documented roles for meningeal fibroblasts in brain development, characterization 62 of these cells is still based primarily on histological and electron microscopy studies. Further, progress on 63 understanding meninges development has not advanced much beyond identifying the origins for 64 meningeal fibroblasts (neural crest and mesoderm (Jiang, et al., 2002) ) and some work on the timing of 65 their developmental emergence (Siegenthaler, et al., 2009a) . There is a clear need for better molecular 66 characterization of the meningeal fibroblast populations. This will help accelerate discovery of the origins 67
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The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint 6 Taken together, this shows that meningeal fibroblasts from the pia, arachnoid, dura have distinct 118 gene expression profiles, cluster as distinct subtypes, and we identify a previously unknown meningeal 119 fibroblast subtype, ceiling cells. 120
Analysis of pial fibroblasts 121
Pial fibroblasts are typically defined by their location at the interface between the meninges and 122 brain tissue. No pial fibroblast specific markers have been identified and little is known about pial-specific 123 functions in brain development. To begin to fill in these gaps, we identified genes with differential 124 expression in the pial cluster (#1) as compared to other clusters. -40 ), a key 131 meninges-derived factor required for brain development, was enriched in the pial cluster ( Fig. 2A) but, as 132 shown in the Cxcl12 t-SNE, it is also expressed in the arachnoid cluster and to a much lesser extent in the 133 ceiling cell and dura clusters (Fig. S2A , related to Fig. 2) . Some of the largest differences in expression 134 in the pia cluster result from reduced expression (<1) of genes that are enriched in other clusters (Fig 2A) , 135 most notably Slc6a13, Crabp2, Aldh1a2 and Bmp7, which are enriched in the arachnoid cluster (see Fig.  136 
3A). 137
Expression of two pia cluster-enriched genes, Rdh10, an enzyme required in retinoic acid 138 biosynthesis, (Fig. 2B) and S100a6 (Fig. 2C ) was evident in the E14.5 meninges in the fore-mid-and 139 hindbrain (in situ images from Eurexpress.org). Pia-selective expression of S100a6 protein expression 140 was evident in the meninges around all brain regions at E14.5 ( to Col1a1-GFP+ cells immediately adjacent to the neocortex but was absent in GFP+ cells in the 142
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint 7 arachnoid and dura layers and the calvarial mesenchyme that covers the meninges at E14.5 (Fig. 2D) . We 143 developed a whole mount meninges immunolabeling method to better visualize the relationship between 144 S100a6+ meningeal fibroblasts and the pia-located perineural vascular plexus (PNVP; labeled with 145 endothelial marker PECAM). The PNVP appeared as a honeycomb pattern typical of vasculature 146 undergoing angiogenic growth and remodeling. S100a6+ pial cell bodies were in the gaps of the 147 honeycomb pattern in the same layer (Fig. 2E) . Collectively, these data show selective localization of 148 S100a6 to pial meningeal fibroblasts and provides strong evidence for S100a6 as a pia fibroblast marker. 149
The pial basement membrane (BM) is vital for normal brain development, serving as an attachment 150 point for radial glial cells and a physical barrier to migrating neurons. Meningeal fibroblasts, in particular 151 those of the pial layer, are the predicted source of pial BM components. To investigate pial ECM 152 production by fibroblasts, we assembled a list of ECM-related genes (collagens, laminins, matrix 153 metalloproteinases or MMPs, and proteoglycans) and plotted their expression in each of the four unique 154 fibroblast clusters ( Collectively, our analysis of pial fibroblasts demonstrates that these cells provide key factors 167 needed for brain development through participation in retinoic acid synthesis (based on enriched 168 expression of Rdh10), a major source of Cxcl12 production, and meningeal BM proteins. Further, we 169 provide evidence that S100a6 is a unique marker of embryonic pial fibroblasts. 170
Analysis of arachnoid fibroblasts 171
Genes enriched in the arachnoid cluster underscore its key role in retinoic acid synthesis (Crabp2 172 -112 ), which encodes the extracellular matrix-associated aortic carboxypeptidase-like 177 protein (ACLP) with a known role in fibroblast regulation (Blackburn, et al., 2018) 
and the Wnt ligand 178
Wnt6 (ER 2.17, p = 1.19 x10) ( Fig. S3A ; Supplemental data file 3). Angptl2 gene expression at E14.5 was 179 highly enriched in the meninges (Supp. Fig. 3B , Eurexpress.org), confirming our single cell analysis. 180
Retinoic acid production by meningeal fibroblasts is critical to neocortical and cerebrovascular 181 development and retinoic pathway genes Crabp2 and Aldh1a2 showed enriched expression in arachnoid 182 cells. We confirmed CRABP2 expression in the E14.5 meninges using in situ analysis (Eurexpress.org; 183 (Fig 3B, Fig. S3D ). CRABP2 protein expression in 184 sagittal E14.5 sections mirrored the in situ signal, showing expression in the meninges and in other brain 185 regions (Fig. S3D) . Immunostaining of CRABP2 in E14.5 brain sections from Col1a1-GFP mice showed 186 CRABP2 expression was high in GFP+ fibroblasts of the arachnoid and dura overlaying the neocortex 187 but was absent from GFP+ pial meningeal fibroblasts at the pial surface (Fig. 3B) . Expression in the dura 188 layer is consistent with high expression of Crabp2 in the dura cluster (Fig. S3A) . CRABP2 was also 189 evident in the neocortex just below the pial surface, representing radial glial endfeet that have enriched 190 CRABP2 expression (Boucherie, et al., 2018) and, possibly, Cajal-Retzius cells that express Crapb2 (Loo, 191 All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint et al., 2019). We confirmed Raldh2 (Aldh1a2) protein expression in arachnoid cells using whole mount 192 immunostaining of E15.5 meninges. Raldh2+ arachnoid meningeal fibroblasts formed a sheet of cells 193 located just above the pial-located PNVP (Fig. 3C ). Rdh10 and Raldh2 are both needed to make retinoic 194 acid however our data show that Rdh10 is expressed by the pial fibroblasts, while Raldh2 is enriched in 195 arachnoid fibroblasts. This expression pattern is consistent with a mechanism where the pial and arachnoid 196 fibroblasts work in conjunction to make retinoic acid, with each layer responsible for a different synthesis 197
step. This observation is further supported by GSEA that demonstrate significant enrichment for retinoic 198 acid synthesis genes in pial and arachnoid cluster but not in dura or ceiling clusters (Fig. 3D) . GSEA using a geneset of SLC genes expressed in the meningeal fibroblast clusters confirmed enrichment 212 of SLC genes in the arachnoid cluster (Fig. 3F) . Of note, the dura cluster was uniquely enriched for 213 expression of Slc5a6 (biotin transporter), Slc16a9 (monocarboxylate transporter) and Slc38a2 (amino acid 214 transporter) (Fig. 3E, Fig. S3E ) whereas the pial cluster was enriched for Slc1a3 (glutamate transporter) 215
and Slc1a5 (amino acid transporter) (Fig. 3E, Fig. S3E ). In situ expression at E14.5 (Eurexpress.org) 216
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint demonstrated expression of Slc1a5 in the meninges and in the telencephalic ventricular zone that contains 217 neural stem and progenitor cells (Fig. 3G) . Arachnoid enriched gene Slc41a1 occurred almost exclusively 218 in the meninges (Fig. 3H) ; this was in contrast to dura enriched Slc16a9, which is highly expressed in both 219 the meninges and the CP (Fig. 3I) . Gap junctions are a feature of some barrier structures, mediating 220 intracellular communication. Consistent with this, we noted enriched expression of gap junctional genes 221 Gja1 (Cx43), Gja6 (Cx33) and Gjb2 (Cx26) in the arachnoid cluster (Fig. S3F, related to Fig. 3 ) and to a 222 lesser extent the dura cluster. Cx43 protein expression at E14.5 was evident in the meninges and the skin 223 (Fig. S3G, related to Fig. 3 ). In the meninges overlying the neocortex, bright Cx43 clusters, typical of the 224 plaques that connexins form at contacts between cells, were evident in (Fig. S3H , related to Fig. 3) . 225
Collectively, our analyses show that arachnoid cells are enriched in transporters, confirm a critical 226 role for arachnoid cells in retinoic acid production, and demonstrate pial and arachnoid cells likely work 227 cooperatively to produce retinoic acid. 228
Analysis of dura fibroblasts 229
The dura cluster differs markedly in its gene expression from arachnoid, pial and ceiling cell 230 clusters. The dura cluster is enriched for expression of genes that encode constituents of the large and 231 small ribosomal subunits (Rpl and Rps gene), the cell membrane ion transport regulator Fxyd5 (ER 11.7, 232 p = 1.3x10 -210 ), and the transcription factors Foxp1 (ER 3.73, p = 6.00x10 -101 ) and Six1 (ER 3.00, p = 233 3.39x10 -94 ) ( Fig. 3J ; Supplemental data file 3). Several genes that were selectively expressed in dural 234 fibroblasts include Fxyd5, Foxp1, Nov (encodes a secreted cysteine rich protein), Smoc2 (encodes a 235 matricellular protein), Ndrg1 (tumor suppressor, gene mutation causes Charcot-Marie-Tooth disease type 236 4D) and Kctd12 (modulates GABAB receptor kinetics, upregulated in some tumors) (Fig. S4A , related to 237 Fig. 3 ). In-situ hybridization labeling Fxyd5 expression at E14.5 (Eurexpress.org) confirms expression in 238 a distinct layer around the telencephalon and over the hindbrain (Fig. 3K, arrowheads) , but not between 239 brain regions (arrows in Fig 3K) . The dura adheres to the underside of the calvarium and therefore, unlike 240 the pia and arachnoid layers, does not extend between brain regions. Therefore, the Fxyd5 in situ signal is 241
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint consistent with labeling in the dura only. Dural expression patterns of the genes Nov, Mgp and Smoc2 242 were similar to Fxyd5 (Fig. 3L-N) , validating results from scRNA-seq analysis. Collectively, these data 243 demonstrate that, even prior to development of the calvarium, dural fibroblasts have a distinct gene 244 expression profile and point to several new potential markers of the dura. 245
Analysis of ceiling cell fibroblasts 246
Ceiling cells expressed a unique set of genes not expressed by other meningeal fibroblast clusters, 247 most notably Crym (11.4, p = 3.01x10-93) which encodes the protein µ-Crystallin, the transcription factor 248 Ebf1 (5.56, p = 7.49x10 -97 ), and Serpine2 (12.4, p = 1.37x10 -145 ), which encodes for the serine protease 249 inhibitor protease nexin-1 (PN-1) ( Fig. 4A , B; Supplemental data file 3). To detect ceiling cells in the 250 embryonic meninges we examined in situ expression for Crym at E11.5 (Allan Brain Atlas) and E14.5 251 (Eurexpress.org). At E11.5, Crym in situ signal was evident in the meninges at the border between the 252 telencephalon and the thalamus (Fig. 4C , arrow) and in the meninges in the hindbrain, above the isthmic 253 roof plate (Fig. 4C, arrowhead) . At E14.5 the Crym in situ signal shows a strongly labeled strip of 254 meninges that border the future hippocampus (medial pallium/hippocampal allocortex), above the dorsal 255 thalamus, and in the meninges around the olfactory bulb but not over the neocortex (Fig. 4D, 
arrows). 256
Crym signal can be seen in the meninges adjacent to the basal part of the terminal hypothalamus (Fig. 4D,  257 arrowhead), and also in neural portions of the future hippocampus and the ventricular zone of the midbrain 258 (E11.5 and E14.5, asterisks in Fig. 4C 
, D). Immunostaining analysis shows a similar pattern with µ-259
Crystallin expressing cells in the meninges between the future hippocampus and thalamus (Fig. 4F) . 260
Higher magnification images showed µ-Crystallin+ ceiling cells adjacent to PNVP blood vessels, more 261 typical of arachnoid than pial meningeal fibroblasts, that intermingle with the PNVP (Fig. 4G ). µ-262
Crystallin+ cells in the meninges were Col1a1-GFP+, consistent with other meningeal fibroblast subtypes 263 (Fig. 4H, I ). In situ analysis of Serpine2, showed a similar pattern of expression as Crym with the 264 exceptions that: (1) Serpine2 signal was present in the meninges above the boundary between the 265 midbrain/hindbrain (Fig. 4E , asterisk) (2) Serpine2 signal was present in the choroid plexus (CP), and (3) 266
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Ingenuity Pathway Analysis of meningeal fibroblast clusters 270
To characterize gene expression within the meningeal fibroblast cell clusters, we performed 271
Ingenuity Pathway Analysis (IPA) to identify pathways of enriched or depleted gene expression (Table  272 1). Dura and arachnoid clusters were strongly enriched in expression of genes in the oxidative 273 phosphorylation pathway, indicating relatively greater metabolic levels, as compared to the pia cluster. 274
Ceiling and dura clusters showed enrichment in vasculogenesis and angiogenesis pathway genes and 275 correspondingly greater expression levels of genes involved in protein synthesis. 276
Conservation of mouse meningeal fibroblast subtype markers in the human fetal meninges 277
To determine whether meningeal fibroblast subtype specific markers are conserved between 278 mouse and human developing meninges, we examined expression of CRABP2 (arachnoid/dura in mouse), 279 S100a6 (pia in mouse), and µ-Crystallin (ceiling cells in mouse) in the meninges overlying the neocortex 280 in human fetal brain (19 gestational week or GW). We examined two areas of the fetal cortical meninges, 281 one overlaying the frontal cortex (region A) and the other in the sylvian sulcus overlaying the insular 282 cortex (region B) (Fig. 5A) . In region A, CRABP2 was expressed by two morphologically distinct 283 meningeal cell layers, a loose network of CRABP2+ cells (arrows in 5B) and a compact, outer layer that 284 seemed to contain only CRABP2+ cells (arrowheads in 5B). In region B, the meninges were much thicker 285 and the CRABP2+ layer of loosely packed cells was considerably expanded (Fig. 5E ). Immediately below 286 this was a cell sparse region containing long strips of tissue, some of which contained CRABP2+ cells 287 (Fig. 5E, arrows) . These are the arachnoid trabeculae that traverse the subarachnoid space (SAS) in higher 288 vertebrate and primate meninges (Mortazavi, et al., 2018) . Arachnoid trabeculae and the SAS were not 289 apparent in the meninges overlying the frontal cortex at this stage of development. CRABP2+ cells were 290
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint 13 not detected in the meningeal cells near the brain in either region. Collectively this provides evidence that 291 CRABP2 is expressed by arachnoid cells in the developing human brain. 292 S100a6+ cells were limited to cells immediately adjacent to the brain in regions A and B, 293 intermingled with Col4+ blood vessels (Fig. 5C , arrows, and 5F), consistent with S100a6 being expressed 294 by pial meningeal fibroblasts in the fetal human brain. µ-Crystallin+ cells, which marks ceiling cells in 295 mouse, were observed throughout the meninges covering the fetal human cortex. This is in contrast to 296 mouse where µ-Crystallin+ ceiling cells are not uniformly distributed (Fig. 4) . The µ-Crystallin+ cells 297
were located at the pial surface (Fig. 5D, 5G ). Many µ-Crystallin+ cells at the pial surface expressed 298 S100a6 ( Fig. 5H & I, arrows) , however µ-Crystallin+ cells were detected in the cell layer just above the 299 S100a6+ layer, and these cells were S100a6 negative (Fig. 5H, arrowheads) . We examined expression of 300 CRABP2 and µ-Crystallin but did not observe co-localization in region A or B (Fig. S4B , C, related to 301 The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint cluster #10 showed expression of meningeal fibroblast markers (detailed in Fig. 6) (Fig S5A-C, related to 316 Foxc1-KO meningeal fibroblast clusters (Fig. S5D, related to Fig. 6 ). We believe the appearance of these 320 osteogenic clusters in the Foxc1-KO capture is a result of difficulties in dissection. Specifically, the 321 calvarial mesenchyme, which expresses Col1a1-GFP, cannot be cleanly dissected away from the 322 hypoplastic meninges of Foxc1-KO mice. Of note, there were also 20 Foxc1-KO cells that could not be 323 classified (Fig. S5C, related to Fig. 6 ). Because we sought to specifically investigate the phenotype of 324
Foxc1-KO meningeal fibroblasts, the two osteogenic clusters and clusters containing pericytes/vSMCs, 325 endothelial cells, monocytes and neural cells were not considered further in our comparison of control and 326
Foxc1-KO cells. 327 t-SNE plots displaying meningeal fibroblast clusters from control and Foxc1-KO fibroblasts, show 328 no Foxc1-KO dura or ceiling cells and illustrate that most of Foxc1-KO meningeal fibroblasts occupy a 329 single cluster (#10) distinct from control clusters (Fig. 6A-C, arrow) . The Foxc1-KO cluster (#10) shows 330 enriched expression for some common meningeal fibroblast markers (Cxcl12, Zic1, Gja1) (Fig. 6D) , and 331 shows enriched expression of pial markers S100a6 and Col4a1, but not arachnoid/dural marker Crabp2, 332 dural marker Fxyd5 or ceiling cell maker Crym (Fig. 6D) . Of note, Rdh10, which is enriched in the control 333 pia cluster (ER 1.38, p = 2.48x10 -32 ), was significantly lower in the Foxc1-KO cluster and Ptgds, expressed 334 in all control clusters and enriched in arachnoid clusters, was nearly absent (ER 0.016, p = 3.31x10 -10 ) 335 (Fig. 6D) . To understand the relationship between the Foxc1-KO meningeal fibroblast cluster (#10) and 336 control meningeal fibroblast clusters, we performed a non-negative matrix factorization (NMF) 337 hierarchical clustering analysis (Brunet, et al., 2004) and found that the Foxc1-KO meningeal fibroblast 338 cluster most closely resembles the control pial cluster (Fig. 6E) . The ordered consensus matrix (Fig. S6C)  339 and cophenetic correlation value (coph=1) for this analysis show that the optimal number groups was k=4 340 (Fig. S6A, B, arrows; Supplemental data file 3). Using GSEA, we found that the 344
Foxc1-KO meningeal fibroblast cluster was deficient in expression of both ECM and retinoic acid 345 synthesis pathway genes (Fig. 6F) . These analyses suggest that most Foxc1-KO meningeal fibroblasts are 346 a pial-like cell population that lack critical functionality such as ECM production and retinoic acid 347 
Development of all telencephalic meningeal fibroblast layers is impaired in Foxc1-KO mice 360
We and others have previously shown that telencephalic meninges layer development is impaired 361 in Foxc1-KO mice. However, we wanted to apply our new markers and whole mount staining to better 362 characterize the meningeal layer defects. Low-magnification images of CRABP2, (arachnoid/dura), Cx43 363 (in all meningeal fibroblasts enriched in arachnoid/dura), and S100a6 (pia) in E14.5 control (Col1a1-GFP; 364
Foxc1
+/+ ) and Col1a1-GFP; Foxc1-KO sections at the level of telencephalon demonstrate that strong 365 (Fig. 7B, H, N,  366 arrowheads). High magnification images of CRAPB2 immunostaining in an area over the neocortex, 367 illustrate the absence of strongly CRABP2+ arachnoid/dural cells in the Foxc1-KO mutant (Fig. 7C, D) . 368
In contrast, a CRABP2+ meningeal layer, though thinner, was detected at the base of the Foxc1-KO 369 telencephalon (Fig. 7E, F) . A similar pattern was observed for Cx43, with near absence of strong Cx43+ 370 cells overlaying the neocortex in the Foxc1-KO mutant (Fig. 7I, J) and an attenuated Cx43+ meningeal 371 layer at the base (Fig 7K, L) . S100a6+ cells were observed in the Foxc1-KO mutant overlaying the dorsal 372 neocortex however the population appeared less numerous (Fig. 7O, P, arrowheads) . At the base of the 373 telencephalon a relatively normal appearing S100a6 pial layer was apparent in Foxc1-KO sample (Fig.  374 7Q, R). Images presented in Fig. 7C -F, I-L and O-R also contain Col1a1-GFP signal to identify 375 fibroblasts; these are provided in Fig. S7 . 376
The sparseness of the S100a6+ layer in the Foxc1-KO mutant as compared to control was evident 377 in E15.5 meninges whole mounts (Fig. 7S, T) . In the control sample, S100a6+ cells were readily observed 378 between PECAM+ vessels of the PNVP (Fig. 7S) . In contrast, S100a6+ cells were sparse in the Foxc1-379 KO and gaps in the vasculature sometimes contained no S100a6+ cells (Fig. 7T", arrowheads) . The PNVP 380 vasculature was notably different in Foxc1-KO mutant, with broad, immature vessels (Fig. 7T', 
T" 381 asterisks). Collectively, these data confirm meningeal fibroblast development is severely impaired in 382
Foxc1 mutant mice and the few, drastically altered meningeal fibroblasts that are present cluster as a 383 unique cell type with pia-like characteristics. 384
Discussion 385
Here we present the first comprehensive analyses of embryonic meningeal fibroblasts, a cell type 386 with important functions in brain development. We have: 1) identified new meningeal fibroblast subtype 387 markers and show these are conserved in developing human meninges; 2) generated layer specific insights 388 into embryonic meninges functions (retinoic acid synthesis, ECM production, transport); 3) identified a 389 previously unknown meningeal fibroblast subtype, ceiling cells; 4) and shown that all meningeal fibroblast 390
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. Therefore we cannot specifically link expression of SLC transporters to arachnoid barrier cells, which 430 may emerge later than the time point we are studying, using our profiling data. However, the enrichment 431 of SLC genes as a group in arachnoid cells supports the idea that the arachnoid layer plays an important 432 role in controlling CSF composition through solute transport. More studies are needed on developing and 433 mature meningeal populations to understand arachnoid barrier emergence and function and its role in 434 regulating movement of solutes into and out of the CSF; this has important implications physiologically 435 as well as for the delivery of therapeutic agents into the brain (Weller, et al., 2018) . 436
Retinoic acid synthesis is an important meninges function during brain development, in particular 437 for the neocortex. Retinoic acid biosynthesis occurs in two steps, the reversible and rate-limiting synthesis 438 of retinaldehyde from retinol catalyzed by retinol dehydrogenase, Rdh10, and the irreversible conversion 439 of retinal to retinoic acid catalyzed by one of the retinal dehydrogenases, encoded by Aldh1a1, Aldh1a2 440
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint or Aldh1a3 (Napoli, 2012) . Although previous work has identified the embryonic leptomeningeal 441 expression of Rdh10 and Aldh1a2 as a source of retinoic acid for the developing brain (Siegenthaler, and Serpine2 -/-mice display hypervascularity in the developing retina and muscle (Selbonne, et al., 2015) . analogous to ceiling cells in the mouse. However, our data do suggest greater cellular diversity in human 489 fetal pial meningeal fibroblasts. In particular, we observe µ-Crystallin+ meningeal fibroblasts expressing 490
developing human pia. While more work is needed to test this idea, it is tempting to speculate that 492 meningeal fibroblast diversity evolved in parallel with the CNS to support the unique needs of forming a 493 much larger and more complex human brain. 494
Our analysis of meningeal fibroblasts from Foxc1-KO mice using scRNAseq provides a more 495 complete picture of the meninges defect in these mutants. Perhaps most important is the clear impairment 496 in the development of pia meningeal fibroblasts in Foxc1-KO. We and others have assumed that the 497 telencephalic pia is preserved in Foxc1-KO and the primary defects are in the formation of the arachnoid 498 and dural layers. This assumption was based on 1) the presence of some pan-meningeal marker+ cells 499 (Zic1, Cx43, Pdgfrβ) intermingled with the PNVP overlaying the dorsal telencephalon; and 2) the 500 relatively well preserved pial BM in Foxc1-KO mice at E14.5, significant alterations in BM integrity are 501 not seen until later in prenatal development (Hecht, et al., 2010b) . Further, prior work lacked the benefit 502 of pial specific markers to differentiate pial meningeal fibroblasts from other subtypes. We show that all 503 meningeal fibroblasts subtypes are severely diminished in the Foxc1-KO mice and a pial-like meningeal 504 fibroblast cluster emerges that is enriched for a unique set of genes. We believe that these Foxc1-KO pial-505 like cells are the S100a6+/Col1a1-GFP+ cells that sparsely occupy the pial layer overlaying the mutant 506 telencephalon and that 'normal' pial meningeal fibrolasts stop at the same location as arachnoid and dura 507 populations, at the base of the telencephalon. The Foxc1-KO pial-like cells appear to be poor substitutes 508 for pial meningeal fibroblasts. This is suggested by reduced gene expressed for ECM components and 509 components of the retinoic acid synthesis pathway, in particular Rdh10. Many questions remain about the 510
Foxc1-KO pial-like population, including their lineage relationship to other meningeal fibroblasts, why 511 they lack functional features, and how the absence of Foxc1 permits their emergence. Rather 512 disappointingly, the very low number of other meningeal fibroblast subtypes limited or prevented 513 meaningful analysis. Foxc1 hypomorph mutants that have milder meningeal defects (Zarbalis et al., 2007, 514 All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint Siegenthaler et al., 2009 ) is an approach we can take in future single cell studies to understand how lack 515 of Foxc1 impairs the formation of the telencephalic meninges layers. 516
In summary, our analysis provides much needed characterization of fibroblasts that make up the 517 embryonic meninges. This data set will serve as an important resource for researchers studying meninges-518 related structure, process, malformation and disease during development and in the adult. Further, it will 519 serve as an important tool to identify the mechanisms that direct fibroblast diversity and specialization in 520 the meninges and help accelerate discovery of new meningeal fibroblast subtype-specific functions. 521 522
Materials and methods 523
Animals. All mice were housed in specific-pathogen-free facilities approved by AALAC and were 524 handled in accordance with protocols approved by the IACUC committee on animal research at the 525 University of Colorado, Anschutz Medical Campus. The following mouse lines were used in this study: 526
Foxc1
lacZ (Kume, et al., 1998) and Col1a1-GFP (Yata, et al., 2003 calvarial mesenchyme were removed exposing the meninges, which were then dissected from the 533 telencephalon. GFP+ cells were isolated from the meningeal tissue by first incubating the tissue in 1. filtering, barcode counting and UMI counting of the single cell FASTQs, the aggr module used for 555 normalizing samples to same sequencing depth, and the reanalyze module used for final determination of 556 gene expression and t-SNE 2D and 3D coordinates with parameters = [max_clusters=20, t-557 SNE_max_dim=3, num_principal_comp=20, t-SNE_perplexity=50, t-SNE_theta=0.25, t-558 SNE_max_iter=10000, t-SNE_stop_lying_iter=1000 and t-SNE_mom_switch_iter=1000]. A cluster of 559 429 cells with consistently low read counts (<30,000 per cell) was removed and the remaining cells re-560 analyzed with the same parameters as above. A 3D t-SNE plot was generated using plotly (2.0.15) (Plotly 561
Technologies Inc. Collaborative data science. Montréal, QC, 2015. https://plot.ly) in a custom script and 562 cells clustered manually based on the 3D t-SNE plot. 2D t-SNE cluster plots were generated with 563 CellrangerRkit (2.0.0) visualize_clusters module with clustering based on the manual clustering using the 564 All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint 24 3D t-SNE plots, and gene expression plots were generated with the visualize_gene_markers module 565 laminins, matrix metallo-proteinases, proteoglycans and fibronectin); (ii) solute carriers genes (SLC 578 genes); and (iii) genes involved in retinoic acid synthesis. In order to characterize the overall pattern of 579 gene expression in derived from the Foxc1-KO cluster #10, we performed hierarchical clustering using 580
Pearson distance, K-means clustering and non-negative matrix factorization (NMF) on the combined 581 control and mutant meningeal fibroblast populations. Input data were mean expression by t-SNE-582 identified subgroup. Only NMF was effective in resolving the various subgroups. 583
To assign Foxc1-KO cells to meningeal fibroblast subtype cluster, we used t-SNE space and Seurat 584 (v2.3.4) (Butler, et al., 2018) . For most cells, the meningeal fibroblast subtype cluster determined by 585
Seurat was consistent with its mapping in t-SNE space. If the cell was in the S/G2/M t-SNE space but not 586 assigned to this cluster by Seurat, if the expression levels of Ccna2, Mki67, Nusap1, Cenpa, Birc5, H2afz, 587
Cks1b, Cks2, Lmnb1 and Stmn1 were similar to Foxc1 +/+ S/G2/M cells, it was assigned to the S/G2/M 588 cluster. Otherwise, it was labelled "undetermined". None of the Foxc1-KO cells in the dura t-SNE space 589
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+/+ dura cells and were all labeled "undetermined". None of the Foxc1-KO cells in the ceiling t-591 SNE space had expression levels of Crym, Serpine2, Tgfbi, Id2, Ebf1, Ccnd2, Alpl, and Nrpl similar to 592
+/+ ceiling cells and were all labeled "undetermined". A few of the Foxc1-KO cells in the Foxc1-593 KO pia-like cluster were assigned by Seurat to the pia cluster and similarly a few of the Foxc1-KO cells 594 in the pia cluster were assigned by Seurat to the Foxc1-KO pia-like cluster. These were reassigned clusters 595 based on their t-SNE space. A few cells were "undetermined" by Seurat FindClusters module. The neural, 596 endothelial, monocyte, mural, osteogenic precursor and proliferating osteogenic precursor cells were 597 assigned based on t-SNE space. 598
Immunofluorescence and imaging. E14.5 embryos were collected and whole heads fixed overnight with 599 4% paraformaldehyde followed by 20% sucrose and frozen in OCT compound (Tissue-Tek). Tissue was 600 cryosectioned in 12µm increments and tissue-mounted slides were subjected to antigen retrieval (except 601 Cx43 antibody) by immersing the slides in 0.01M citric acid and heating in a pressure cooker for six 602 minutes. The tissue was permeabilized by incubating for 10 minutes at room temperature in PBS with 603 0.1% Triton-X (Sigma) and blocked in 2% lamb serum/0.05% Triton-X solution for 40 minutes at room 604 temperature. Incubation in the following primary antibodies was conducted overnight at 4 C in the 605 blocking solution: rabbit anti-S100A6 (1:100; Novus NBP2-44492), rabbit anti-CRABP2 (1:100; 606 Proteintech 10225), rabbit anti-Crym (1:100; Proteintech 12495), rat anti-Cx43 (1:1,000; Sigma C6219), 607 rabbit anti-Col4 (1:200; BioRad 2150-1470) and chicken anti-GFP (Invitrogen A10262). Following 608 incubation with primary antibodies, tissue sections were incubated for 60 minutes with appropriate 609
Alexafluor-conjugated secondary antibodies (Invitrogen), Alexafluor 647-conjugated isolectin-B4 (1:100; 610 Invitrogen I324550) and DAPI (1:1000; Invitrogen). Meninges E15.5 whole mounts were prepared and 611 immunolabled using a protocol described in (Louveau, et al., 2018) . In brief, brains were fixed overnight 612 at 4°C in 2% paraformaldehyde and telencephalon meninges were removed and washed in PBS. 613
Antibodies used in whole mount meninges staining were: rabbit anti-S100a6, rabbit anti-Raldh2 (1:200, 614
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint Sigma HPA010022), rabbit anti-Col4 and rat anti-PECAM (1:100; BD Bioscience 557355). Confocal 615 images were obtained using a Zeiss 780 Laser Scanning Microscope with associated Zeiss Zen software. 616
Human fetal tissue collection and immunostaining 617
Human fetal tissue collection was obtained from a spontaneous abortion and after parents' 618 informed consent given to the Foetopathologie Unit at Hôpital Robert Debré and in accordance with 619
French legislation. The gestational age (19wk) was based on first-trimester sonography crown-rump 620 length measurement and confirmed at autopsy by the evaluation of fetal biometry and organ and skeletal 621 maturations. Brains were removed and fixed in 4% buffered formalin added with 3 g/L of ZnSO4 for 622 approximately 2 weeks before to be processed for paraffin embedding and sectioned at 6µm increments. 623
Following de-parafinization, tissue staining, and imaging was performed as described for mouse tissue. In 624 addition to above listed antibodies, we used mouse anti-µ-Crystallin (1:250; Invitrogen; cat# 625 PIMA525192) in conjunction with antibodies to CRABP2 or S100a6. 626 The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. . https://doi.org/10.1101/648642 doi: bioRxiv preprint
